Abstract The morphodynamic response of large tidal inlet/basin systems to future relative sea level rise (RSLR), incorporating both Eustatic sea level rise and local land subsidence effects, is qualitatively investigated using the state-of-the-art Delft3D numerical model and the Realistic analogue modelling philosophy. The modelling approach is implemented on a highly schematised morphology representing a typical large inlet/basin system located on the Dutch Wadden Sea (Ameland Inlet) over a 110-year study period. Three different RSLR Scenarios are considered: (a) No RSLR, (b) IPCC lower sea level rise (SLR) projection (0.2 m SLR by 2100 compared to 1990) and land subsidence, and (c) IPCC higher SLR projection (0.7 m SLR by 2100 compared to 1990) and land subsidence. Model results indicate that, for the 110-year study duration, the existing flood dominance of the system will increase with increasing rates of RSLR causing the ebb-tidal delta to erode and the basin to accrete. The rates of erosion/accretion are positively correlated with the rate of RSLR. Under the No RSLR condition, the tidal flats continue to develop while under the high RSLR scenario tidal flats eventually drown, implying that under this condition the system may degenerate into a tidal lagoon within the next 110 years. The tidal flats are stable under the low RSLR scenario implying that, at least for the next 100 years, this may be the critical RSLR condition for the maintenance of the system. Essentially the results of this study indicate that, as the Eustatic SLR is likely to be greater than the apparently critical rise of 0.2 m (by 2100 compared to 1990), the tidal flats in these systems will at least diminish. In Deltares, PO Box 177, 2600 MH Delft, the Netherlands the worst, but not unlikely, scenario that the Eustatic SLR is as high as the IPCC higher projections (0.7 m by 2100), the tidal flats may completely disappear. In either case, the associated environmental and socio-economic impacts will be massive. Therefore, more research focusing on the quantification of the physical and socio-economic impacts of RSLR on these systems is urgently needed to enable the development of effective and timely adaptation strategies.
knowledge gap by investigating the morphological evolution of a typical large inlet/basin system in response to RSLR at relatively high temporal and spatial resolutions.
Approach

Study area
The Dutch Wadden Sea area is characterised by a chain of barrier islands (i.e. Texel, Eijerland, Vlie, Ameland and Frisian) forming several large inlet/basin systems (Fig. 1) . The tidal inlets and associated tidal waterways are collectively defined as tidal basins. The extremely rich biodiversity in these tidal basins has resulted in the entire area becoming a major tourist attraction (12 million overnight stays per year (De Jong et al. 1999) ) generating significant incomes for local industries (Euro 0.7 billion per year). Furthermore, the popularity of the area has led to billions of Euros worth of development and infrastructure within the coastal zone, particularly over the last 50 years. Additionally, the basin tidal flats are ecologically rich (i.e. feeding areas for birds, breeding areas for fish, resting areas for seals and plant (Vendel et al. 2003) , species such as zoobenthos (Beukema et al. 1996) ). A significant rise in the relative sea level (i.e. sea level rise with respect to a fixed bench mark, RSLR) is likely to threaten both the safety of the coastal developments/infrastructures and the physical characteristics of these tidal basins.
In the Wadden Sea area, RSLR has two main contributors. The first is the contribution due to Climate change driven Eustatic sea level rise (SLR). This is expected to accelerate during the 21st Century (IPCC 2001 (Houghton et al. 2001 ) and IPCC 2007 (Bindoff et al. 2007) ). The second is the contribution due to the vertical land movement resulting from tectonic activities or compaction. The Wadden Sea area experiences significant land subsidence due to extensive gas extraction.
The present study focuses on one of the Wadden Sea inlets, the Ameland inlet, which experiences strong alongshore tidal currents (~0.3 m/s) and inlet currents (~1.0 m/s) (Ehlers Fig. 1 Location of the Ameland inlet 1988). This inlet was specifically selected as a case study because it is a relatively closed basin with minimal connectivity to other adjacent basins and hence lends itself to being numerically modelled as a closed system (Ridderinkhof 1988) . The Ameland inlet is located between the barrier islands of Terschelling (on the west) and Ameland (on the east) (Fig. 1) .
The bathymetry (measured in 2004) of the Ameland inlet is shown in Fig. 2 ( De Fockert 2008) . The average foreshore slope is about 1:100. The ebb-tidal delta has an area and volume of about 25 km 2 and 130 Mm 3 respectively and its maximum seaward protrusion is about 5 km (Cheung et al. 2007 ). Most of the bottom material in the basin is fine sand which has a mean diameter of about 200 μm.
The tidal signal in the area is semidiurnal with a mean tidal range of about 2.0 m and propagates from West to East at a speed of about 15 m/s. The average annual significant wave height is about 1.0 m (Cheung et al. 2007 ). The combination of tidal-and wave-induced currents leads to an easterly net sediment transport from the western coast of Terschelling of about 1.0 Mm 3 /year (Steetzel 1995) . At present, the tidal inlet consists of a two-channel system. The main inlet channel is oriented to the east at the basin end and to the west at the seaward end. The inlet width is about 4 km and the maximum depth is about 27 m.
The basin area is about 300 km 2 and the associated tidal prism is 480 Mm 3 (Sha 1989 ) resulting in a high tidal prism to alongshore sediment transport rate ratio (Ω/M tot 0480) which is indicative of a highly stable inlet (Bruun and Gerritsen 1960) . This implies that tidal-flow bypassing is the dominant transport process at the inlet, i.e. strong ebb currents flush littoral sediments out of the inlet gorge. A large part of the basin (about 60%) consists of tidal flats which are submerged during high tide and exposed during low tide. The tidal flats restrict water exchange with adjacent basins (Frisian to the east and Vlie to the west) during low tide (Fig. 1) . During high tide, the flats form a tidal divide between the Ameland inlet basin and the adjacent basins making the basin a virtually closed system as far as tidal hydrodynamics are concerned. The sediment demand by the basin has been estimated to be about 0.4 Mm 3 /year (Louters and Gerritsen 1994) . This is partly satisfied at the cost of adjacent coastlines and the ebb-tidal delta. 
Numerical modelling
This study extensively uses the process-based model Delft3D developed by Deltares (formerly WL | Delft Hydraulics). The model allows one-(1D), two-(2DV and 2DH) and threedimensional (3D) simulations. It also allows the discretisation of the study area in rectilinear, curvilinear or spherical co-ordinate systems. The primary variables of flow, water level and velocity, are specified on Arakawa C staggered grids. The model structure is shown in Fig. 3 . As 3D processes such as vertical density stratification is not of critical importance to reach the objectives of the present study, here a 2DH version (depth averaged area model) of Delft3D is employed.
Hydrodynamics
The unsteady shallow water equations are solved via the alternating direction implicit (ADI) method to compute the hydrodynamics (Leendertse 1987; Stelling 1984; Stelling and Leendertse 1991) . The system of equations consists of the horizontal momentum equations, the continuity equation, the transport equation and a turbulence closure model. The application of these equations in Delft3D is described in detail by Lesser et al. (2004) and is hence not reproduced here.
Sediment transport
Sediment transport is calculated using Van Rijn's (1993) sediment transport formulas for total transport based on the depth-integrated advection-diffusion equation.
In Van Rijn's (1993) formulations, the sediment transport below and above the reference height 'a' is defined as bed load and suspended load respectively. The reference height is mainly a function of water depth and a user defined reference factor. Sediment entrainment into the water column is facilitated by imposing a reference concentration at the reference height.
Suspended sediment transport is estimated based on the advection-diffusion equation. In depth-averaged simulations, the 3D advection-diffusion equation is approximated by the depth-integrated advection-diffusion equation: where, D H is the horizontal dispersion coefficient (m 2 /s), c is the depth averaged sediment concentration (kg/m 3 ), c eq is the depth-averaged equilibrium concentration (kg/m 3 ) as described by Van Rijn (1993) and T s is an adaptation time-scale (s). T s is given by (Galappatti 1983):
where, h is the water depth, w is the sediment fall velocity and T sd is an analytical function of shear velocity u * and w. Where, u * is given by:
Bed load sediment transport is given by:
where, D * is non-dimensional particle diameter.
and, T a is the non-dimensional bed shear stress.
For Eqs. 1-6, S b , is bed load transport rate (kg/m/s); f bed is a calibration factor (−); η is relative availability of sand at bottom (−); d 50 is the mean grain diameter (m); ρ s is density of sediment (kg/m 3 );f 0 c is current-related friction factor (−); u is the depth average velocity (m/s); s is relative sediment density (−); υ is the horizontal eddy viscosity (m 2 /s); and, t b,cr is critical bed shear stress for initiation of sediment transport (N/m 2 ). A d 50 of 200 μm, ρ s of 2,650 kg/m 3 and f bed of 1.0 were specified in all simulations, while a spatially varying current-related friction factor was defined as described in Van Rijn (1993) .
Morphodynamics
Coastal morphodynamic changes occur at time scales that are about 1 to 2 orders of magnitude greater than the hydrodynamic time scales (Stive et al. 1990) . Therefore, in a conventional morphodynamic model, many hydrodynamic computations need to be performed to achieve significant morphological changes. Thus, conventional morphodynamic simulations, by necessity have been very long and inefficient. However, the morphological scale factor (MORFAC) approach presented by Lesser et al. (2004) and Roelvink (2006) , which is used in Delft3D for bed level updates, circumnavigates this problem. In this approach, which is particularly geared at significantly improving the efficiency of morphodynamic calculations, the bed level changes calculated at each hydrodynamic time step are scaled up by multiplying erosion and deposition fluxes by a constant (MORFAC).
This approach also allows accelerated bed level changes to be dynamically coupled (on-line) with hydrodynamic computations (Fig. 3) . Therefore, long-term morphological changes can be simulated at reasonable computational cost. In general usage, several trial simulations are undertaken with incremental MORFACs to determine the highest MORFAC value that can be used safely for a given simulation. Delft3D also recommends that bed level changes within one tidal cycle should not exceed 10% of the local water depth.
The model domain used in the present study contains dry banks which are outside the computational domain (Fig. 5) . Therefore, the technique of dry cell erosion is applied to activate in the hydrodynamic calculations (Lesser et al. 2004; Roelvink 2006) . This feature enables the gradual and realistic widening of the inlet.
Modelling philosophy
The traditional morphodynamic modelling philosophy is to calibrate and validate a model using laboratory and/or field measurements and then use the calibrated/validated model in hindcast or forecast mode to obtain quantitative estimates of system response to forcing. Depending on model accuracy, quality of data, and the accuracy of forcing conditions used for the hindcast/ forecast, this traditional approach (i.e. virtual reality) may provide quantitatively accurate morphological predictions over relatively short time scales (~days-months). The present application is, however, a qualitative long term morphodynamic modelling exercise (~100 years) for which this traditional 'virtual reality' approach is not ideally suited due to several reasons. First, it is well known that a calibrated/validated model is quite likely to depart from the 'truth' the farther the simulation progresses past the calibration/validation period (Fig. 4) . This is largely due to the almost unavoidable initial imbalance between initial model bathymetry and hydrodynamic forcing resulting in large and unrealistic morphological changes at the beginning of the simulation while the model attempts to create a morphology that is more or less in equilibrium with the forcing. Depending on model settings, these initially large changes may result in a positive feedback loop which may eventually produce nonsensical predictions. The deterministically chaotic nature of numerical models (Lorenz 1972 ) is another phenomenon that places significant uncertainties on the quantitative accuracy of long term morphodynamic model predictions. Secondly, significant input reduction is required for long term simulations (i.e. present computational costs do not allow multiple long term brute force simulations). Therefore, even a model that is perfectly calibrated/validated (i.e. representing real forcing/response relationships), cannot be expected to predict future system response accurately due to the highly schematised nature of future forcing that is unavoidable in long term morphodynamic simulations. Finally, to have confidence in the 'virtual reality' approach, the calibration/ validation periods should be of a similar duration to the hindcast/forecast period. As such, to have a satisfactory level of confidence in a 100 year simulation, ample high quality calibration/ validation data should be available over the last 100 years. This is clearly not the case as older (pre 1950) morphology/hydrodynamic data is of questionable quality, and also very sparse.
For the long term forecasts necessary in this study, therefore, a different modelling philosophy ('Realistic analogue' (Roelvink and Reniers 2011) ) is adopted. The 'Realistic analogue' philosophy essentially commences the simulation with a highly schematised initial bathymetry and allows the model to gradually produce the morphology that is in equilibrium with the main forcing (e.g. tidal forcing) that is to be used in forecast mode. The level of schematisation in the initial bathymetry is extreme in that while the geometry of the coastal system under investigation is very broadly represented, the initial bed is assumed to be more or less flat (i.e. flat bed morphology). Once this initial 'establishment simulation' produces a near-equilibrium morphology that is sufficiently similar to the observed system in terms of channel/shoal patterns and typical morphometric properties, the simulation can be extended into the future with slightly varied forcing (e.g. tidal forcing and slow sea level rise) to qualitatively investigate future system behaviour. It is, however, crucial, that the model generated 'equilibrium morphology' be compared with data to ensure that it is indeed an equilibrium morphology. This requirement, does limit the application of the 'Realistic analogue' philosophy to mature systems that are currently in equilibrium or have previously been in equilibrium prior to human interventions. It is emphasised that the 'Realistic analogue' approach is only suitable for qualitative assessments of long term system response to forcing.
Model implementation
Schematised bathymetry
A highly schematised Ameland bathymetry, based on measurements obtained in 2004 ( 
Boundary forcing
The model domain consists of six boundaries, three on the Wadden Sea side and three on the North Sea side. The boundaries on the Wadden Sea side are specified as closed boundaries, while the North Sea side boundaries are open boundaries allowing water exchange through the boundaries. The northern boundary is forced with time varying water levels (tide and/or sea level rise). Neumann boundaries (i.e. zero gradient water levels) are specified for the two open lateral boundaries (west and east). This combination of boundary conditions is expected to minimise boundary disturbances (Roelvink and Walstra 2004) .
(a) Tidal forcing Several previous long term modelling studies focussing on the Wadden Sea area have shown that models starting with a schematised flat bed bathymetry and forced with the M 2 , M 4 and M 6 tidal constituents are able to qualitatively reproduce the major morphological features of Wadden sea inlet/basin systems (Dastgheib et al. 2008; Dissanayake et al. 2009c) . Therefore, the tidal forcing in the present study is limited to the M 2 , M 4 and M 6 tidal constituents. Tidal forcing conditions for the schematised model were extracted from the ZUNO model simulation (ZUNO is a well calibrated 2DH model which covers the entire North Sea area (Roelvink et al. 2001) ). The ZUNO model was forced with astronomical tidal constituents and the amplitudes and phases of the dominant M 2 , M 4 and M 6 constituents were extracted at the offshore corner points of the computational domain (Fig. 5 ). These were subsequently used to force the open boundaries of the schematised model. (Houghton et al. 2001 ) and IPCC 2007 (Bindoff et al. 2007 . In this study, only the lower and higher ensemble average SLR projections (0.2 m and 0.7 m by 2100 compared to 1990) are taken into account. Vertical land movement is a result of subsidence and glacial rebounds. A local subsidence due to gas extraction has been observed in the study area (Marquenie and De Vlas 2005) , and it is expected to be between 0 and 0.1 m over the next 50 years (Van der Meij and Minnema 1999). In the simulations undertaken herein, a land subsidence of 0.1 m in the next 50 years was specified, representing the worst case scenario. The effect of land subsidence is introduced by means of raising the mean water level in the model domain (see Dissanayake et al. 2008) . The effect of the composite RSLR is implemented as a long period harmonic wave.
Results and discussion
Establishment simulation
In this study the "Realistic analogue" philosophy described in Section 2.3 is adopted. The first step then is to analyse existing bathymetric data to determine whether the study area is in (or close to) morphological equilibrium. Two equilibrium relations (tidal prism vs inlet cross-sectional area (Jarret 1976; Eysink 1990) ; and tidal amplitude to mean channel depth ratio vs shoal volume to channel volume ratio (Wang et al. 1999) ) were used for this purpose. Bathymetric data from 1930 to 2004 were available for the analysis. Figure 6 shows the bathymetry data in comparison to the equilibrium relations. Arrows indicate the general trend of the data points. If the points are closer to the lines, they tend to be equilibrium. The points on the lines imply equilibrium systems. According to both empirical equilibrium relations, the 2004 bathymetry appears to be very close to equilibrium conditions. Therefore, the "Realistic analogue" philosophy then dictates that the initial 'establishment simulation' starting from a schematised flat bed bathymetry should reproduce a bathymetry that is qualitatively similar to the 2004 measured bathymetry. An establishment simulation was thus undertaken, starting with the schematised bathymetry shown in Fig. 5 , forced with M 2 , M 4 and M 6 tidal constituents.
At the start of the 'Establishment simulation' an inlet width of 1 km was specified in line with historical observations (Rijzewijk 1981) . Two separate simulations were undertaken: one with a single MORFAC of 100 for the entire simulation and the other with time varying MORFACs where smaller MORFACs gradually changed to larger MORFACs as the simulation progressed in time. A MORFAC value of 100 was selected for the single MORFAC simulation following the results of rigorous performance comparisons of simulations with MORFACs of 50, 100, 200 and 400 presented by Dissanayake et al. 2009b, c. A very rapid morphological evolution is shown at the beginning of both simulations while the initial flat bed bathymetry attempts to reach a state that is in equilibrium with the forcing (Jarret 1976; Eysink 1990) , b Tidal amplitude to mean channel depth ratio vs shoal volume to channel volume ratio (Wang et al. 1999) (see, for example, the growth rate of the ebb-tidal delta during the first 20 years of the single MORFAC simulation shown in Fig. 9a ). However, after this initial rapid adjustment, the evolution of both the ebb-tidal delta and the basin appears to reach quasi-steady conditions after 50 years of simulation (see Fig. 9 ) implying near-equilibrium conditions. Therefore, the length of the establishment simulation, the purpose of which is to establish a morphology that is in (or close to) equilibrium, was limited to 50 years. Figure 7 shows model predicted morphologies after the 50-year simulation period for both cases in comparison with the 2004 measured bathymetry. A visual comparison indicates that both model predictions are fairly consistent with the measurements where the main morphological features are concerned. Both the measured and modelled morphologies consist of an inlet with a two-channel system. Inside the basin, the main inlet channel extends towards the east, while a secondary channel extends towards the west. One major difference between the modelled and measured morphologies is that, in the measurements, the main inlet channel is located adjacent to the eastern barrier island while in the modelled morphologies it is located close to the western barrier island. The ebb-tidal delta and the main inlet channel are skewed to the west in both the measurements and model predictions. However, the western part of the model predicted ebb-tidal delta consists of more shoal areas in comparison to the measurements. These differences between the model predicted and measured morphologies are likely to be due to a) the highly schematised initial bathymetry, and b) the non-inclusion of wave effects (Dissanayake et al. 2009a and ongoing work).
Visual comparison
Statistical comparison
To quantitatively determine whether the single or time varying MORFAC approach gives a better representation of the present bathymetry, a statistical analysis was undertaken using the Brier Skill Score (BSS) (Sutherland et al. 2004; Van Rijn et al. 2003) . It is noted that the BSS is not a perfect method to evaluate model performance especially where individual characteristics such as basin infilling, lateral displacement and rate of bifurcation of channels etc. are concerned. However, at this point in time this is the most widely adopted method to objectively assess model skill (Ruessink et al. 2003; Pedrozo-Acuna et al. 2006; Ruggiero et al. 2009; Roelvink et al. 2009 ), and Climatic Change (2012) 113:253-276 due to the lack of a better alternative, the BSS approach is adopted to evaluate model skill. The BSS is defined by Van Rijn et al. (2003) as:
where, brackets <> indicate the mean value. z measured , z MORFAC and z Flat are bed levels corresponding to measured bathymetry, predicted bathymetry with MORFAC and initial flat bathymetry.
In the above definition of the BSS, a value of 1 indicates an excellent comparison between the measurements and the model results (i.e. numerator is in the limit zero). Negative BSS values (i.e. numerator is large and/or denominator is small) imply large differences between the modelled and measured bathymetries.
A more comprehensive definition of the BSS is given by Sutherland et al. (2004):
w h e r e , a ¼ r
α a measure of bed form phase error and perfect model gives α01 β a measure of bed form amplitude error and perfect model gives β00 γ an averaged bed level error and perfect model gives γ00 ε a normalisation term which indicates the measured changes from the baseline bed Van Rijn et al. (2003) and Sutherland et al. (2004) give the following classifications for the assessment of model performance against the BSS (Table 1) .
In the present application, BSS values for the two simulations were calculated using both methods described above for a control area which contains the area of interest consisting of the ebb-tidal delta, inlet and basin areas (Fig. 8) . Table 2 shows decomposition terms (α, β, γ and ε) of Sutherland et al. (2004) and the estimated BSS values of both methods. Difference in phase (α) and amplitude (β) of the two simulations is significant compared to that of mean (γ) and normalisation term (ε) indicating that phase and amplitude dominate on the BSS value. The BSS values thus calculated indicate that, according to Van Rijn et al. (2003) , the comparison between measurements and morphologies predicted with single and time varying MORFAC approaches are reasonably good and poor respectively while both predicted morphologies are good according to Sutherland et al. (2004) while the single MORFAC simulation results in a higher BSS value compared to the time varying MORFAC simulation. Thus, the morphology predicted by the single MORFAC approach after a 50-year simulation period appears to be consistently and sufficiently close to the equilibrium morphology at the study area. Following the "Realistic analogue" philosophy, this equilibrium bathymetry is therefore adopted as the initial bathymetry to qualitatively investigate system response to various RSLR scenarios in subsequent model simulations. For convenience, this bathymetry (shown in Fig. 7c ) will be referred to as 'initial bathymetry' from hereon.
Ebb-tidal delta and tidal basin evolution
The evolution of the ebb-tidal delta and tidal basin volumes during the Establishment simulation is shown in Fig. 9 . The ebb-tidal delta volume is estimated relative to the undisturbed bathymetry which consists of shore parallel contours (Walton and Adams 1976) . The basin volume is defined as the sediment volume with reference to the initial flat bed. For the first 15 years of the Establishment simulation, the basin volume is slightly negative and then turns positive as a result of pattern formation on the flat bed. The ebb-tidal delta volume changes from zero to about 180 Mm 3 by the end of the Establishment simulation, which is, to a first order, comparable, to the 2004 measured ebb-tidal delta volume of about 130 Mm 3 . The discrepancy of 50 Mm 3 is likely due to the negligence of wave driven processes in the present simulations. Wave generated alongshore currents advect sediment away from the ebb-tidal delta and decrease ebb transport in the inlet. Both of these phenomena contribute to lower ebb-tidal delta volumes. The relative contribution of wave driven processes to inlet/basin evolution is the subject of ongoing research which is beyond the scope of this paper (which mainly focuses on the relative comparison among different RSLR scenarios). Figure 9 indicates an initially strongly ebb dominant system which becomes weakly flood dominant by the end of the 50 year simulation. This is consistent with contemporary observations of flood dominance at the study site (Dronkers 1986 (Dronkers , 1998 Ridderinkhof 1988 ). These observations further justify the adoption of the morphology predicted at the end of the establishment simulation as a proxy for the present day morphology of the study site.
Relative sea level rise scenarios
Three simulations spanning a period of 110 years were undertaken with the above described 'initial bathymetry' to qualitatively investigate the effect of three potential RSLR scenarios on the morphological evolution of the study area. The three scenarios considered are given in Table 3 . Figure 10a shows the implementation of scenarios 2 and 3 via a harmonic schematisation. As per projections, the rate of Eustatic SLR increases during most of the 110-year period while the rate of land subsidence increases slightly for the first 50 years and then decreases (Fig. 10b) . Figure 11 shows the predicted morphology at the end of the three 110-year simulations. In general, two major differences can be identified in these patterns with respect to the initial is specified in scenarios 2 and 3, which is expected to represent the worst case scenario bathymetry; eroding of the ebb-tidal delta, and significant infilling of the basin. Both of these characteristics become more pronounced with increasing RSLR.
Bed evolution (a) Visual comparison
The areas of the model predicted final ebb-tidal deltas are generally smaller than that of the initial bathymetry. This is largely due to the formation of pronounced channels within the ebb-tidal delta. More ebb-tidal delta channels are formed as the RSLR is increased leading to the smallest ebb-tidal delta area in Scenario 3 (i.e. IPCC H + LS) (Fig. 11d) . This implies accelerated erosion of the ebb-tidal delta due to RSLR.
In the two non-zero RSLR scenarios ( Fig. 11c and d ), significant infilling of the basin leads to the disappearance of the pronounced channel configuration that is initially present in the basin. The shoal area (relative to initial MSL) increases as RSLR increases. However, the dominant east-west orientation, following the propagation direction of tidal wave (Dissanayake et al. 2009c) , is still apparent at the end of all three RSLR scenario simulations.
(b) Statistical comparison
Here, the model predicted bed level changes are quantified using two statistical methods. This analysis was also undertaken using the control area described in Section 3.1. The two statistical parameters employed are (a) the correlation coefficient (R Bed level changes (and not bed levels) are used in the calculation of R 2 to ensure that areas of no change (e.g. barrier islands) are not included in the calculation. This ensures that there is no bias towards high R 2 values due to the presence of such 'no change' areas inherent in the bathymetry. R 2 is defined as,
where, Δz NoRSLR is the bed level change of No RSLR scenario with respect to initial bathymetry. Similarly, Δz Scenario is the relative bed level change for the low and high RSLR scenarios. High R 2 values indicate a high degree of similarity between the bed level changes in the RSLR and No RSLR scenarios, and thus no significant morphological influence of RSLR. Figure 12 shows the results of this comparison. The solid line indicates the linear fit and the cloud shows the density of bed level changes between two data sets. The darker the cloud area the higher the density. Generally, most bed level changes are found in the 0-10 m depth range. Scenario 3 (IPCC H + LS) is associated with the lower correlation coefficient (Fig. 12b) implying the highest bed level changes compared to the No RSLR scenario.
The second statistical parameter used here is the BSS value, given by:
where, z Scenario and z NoRSLR are predicted bed levels of the RSLR scenarios (low and high) and No RSLR scenario respectively. z Initial represents the initial bathymetry. This definition of BSS provides a relative measure of the RSLR effect with respect to the No RSLR situation. As the denominator remains unchanged for both RSLR scenarios, the BSS is determined by the numerator. As the numerator increases with z Scenario , the BSS decreases with increasing z Scenario . Similar to R 2 , BSS of 1 predicts excellent comparison between the bed level changes, implying in this case, an insignificant morphological influence of RSLR. The calculated BSS values given in Table 4 and indicate that higher bed level changes are associated with Scenario 3 (IPCC H + LS), which is consistent with the above correlation analysis.
The above discussion qualitatively indicates that:
& Bed level changes increase as RSLR increases & The ebb-tidal delta erodes as RSLR increases & The basin accretes as RSLR increases All of the above phenomena can be, to first order, explained by the cumulative sediment transport through the inlet. Figure 13 shows the cumulative sediment transport through the middle cross-section of the inlet for the 3 Scenarios given in Table 3 . Mildly flood dominant transport patterns are predicted for all 3 scenarios during the first 10 years implying quasistable conditions. This is probably because RSLR is negligible during this period. After the first 10 years, the degree of flood dominance increases rapidly in time and increases with RSLR. This is probably because the tidal wave distortion due to inlet geometry and the reflected wave from the basin (Dronkers 1986 (Dronkers , 1998 , both of which result in flood dominance, are enhanced due to RSLR. Higher RSLR will likely result in more enhancement of the tidal wave distortion, thus leading to the unsurprising result (shown in Fig. 13 ) that flood dominance increases with increasing RSLR.
Evolution of morphological elements
Here the temporal evolution of the various morphological elements in the inlet/basin system under the three RSLR scenarios is described.
(a) Ebb-tidal delta and basin volume Figure 14 shows the variation of the ebb-tidal delta and basin volume during the 110-year simulations for the three different RSLR scenarios considered.
The ebb-tidal delta volume appears not to be correlated with the rate of RSLR during the first 20 years, probably due to the low rate of RSLR during this initial period (see Fig. 10 ). After this period, the eroded ebb-tidal delta volume appears to be strongly positively correlated with the rate of RSLR with the No RSLR and IPCC H + LS resulting in the highest and lowest ebb-tidal delta volumes respectively. Analysis of tidal prisms, tidal asymmetry (M 2 /M 4 ) and phase difference (2M 2 -M 4 ) suggests that this correlation is not Fig. 13 Cumulative sediment transport through the inlet during the 110-year simulation period for the three RSLR scenarios given in Table 3 . Negative transport values imply landward (flood) transport due to any RSLR induced increase in tidal prism but due to the RSLR driven enhancement of the tidal wave interaction with the inlet geometry and changes in the reflected tidal wave which results in increased flood dominance. The degree of flood dominance is directly correlated with the rate of RSLR, thus causing the ebb-tidal delta erosion volume to increase with increasing rates of RSLR. The basin volume change is inversely proportional to that of the ebb-tidal delta. The higher the erosion of the ebb-tidal delta the higher the sedimentation of the basin. The maximum volume decrease (Scenario 3) in the ebb-tidal delta is about 100 Mm 3 . In contrast, the corresponding volume increase in the basin is about 200 Mm 3 . This implies that there are additional sediment sources which are likely to include adjacent coastlines and erodible inlet banks. Model results imply that the volume of sediment supplied to the basin by these additional sources is of the same order of magnitude as that supplied by the ebb-tidal delta. The higher volume change in the basin (e.g. 127 Mm 3 higher than ebb-tidal delta volume change in Scenario 3) also implies that the basin is likely to be more vulnerable to rising mean sea level than the ebb-tidal delta.
It is emphasised however that the above observations do not take into account any wave effects on sediment transport. Simulations that incorporate wave forcing are currently being undertaken and preliminary results indicate that the inclusion of wave effects generally results in less pronounced morphological elements. This is mainly due to wave-current interaction in the inlet gorge which augments flood-transport and reduces ebb-transport. Inclusion of wave effects also appears to result in relatively higher sediment distribution in the basin and the ebb-delta areas. The effect of waves on the long-term evolution of the schematised inlet will be discussed in detail in a separate manuscript. Table 3 The basin consists of channels and tidal flats. The channel volume is considered to be the volume of water in the basin below mean low water (MLW) while the volume of tidal flats is considered to be the volume of shoals that exist between mean low water and high water (MHW) levels in the basin (Fig. 15) . The temporal evolution of these two elements is shown in Fig. 16 .
The channel volume is almost constant during the first decade and slightly decreases thereafter under the No RSLR scenario (Fig. 16a) . The slight decrease in the channel volume after the first decade is probably due to the expansion of tidal flats resulting from substantial sediment infilling into the basin. In Scenario 2 (Low RSLR), the channel volume increases only marginally (from 609 to 739 Mm 3 ) during the 110-year simulation. In contrast, a significant volume change (from 609 to 974 Mm 3 ) is predicted in Scenario 3 (High RSLR). This is because, under the latter scenario, the volume of sediment imported into the basin is not sufficient to fill the new accommodation space gained due to large rise in MSL (Beets and Van der Speck 2000; Coe and Church 2003; Cowell et al. 2003; Zhang et al. 2004) .
The tidal flat volume depends on the channel slopes, the mean sea level and the sediment import into the basin (Friedrichs et al. 1990) . Figure 16b shows the evolution of the flat volume for the different RSLR scenarios. The No RSLR scenario shows a significant increase in the flat volume (from 28 to 73 Mm 3 ) due to the constant mean sea level and sediment infilling into the basin. Scenario 2 shows a relatively constant flat volume. This is due to counter balancing of new accommodation space gained due to the relatively low rise in MSL and the volume of sediment imported into the basin. In contrast, flat volume at the end of the simulation for Scenario 3 is virtually zero, indicating that tidal flats would drown under these conditions. In this case, the amount of sediment imported into the basin is larger (Fig. 13) , but still insufficient to fill the new accommodation space gained by the large rise in MSL.
These results are in contradiction with the previous suggestions of Van Goor et al. (2003) who applied the semi-empirical model ASMITA to the same study area and found that the tidal flats were in dynamic equilibrium with RSLR. Specifically, Van Goor et al. (2003) found that the tidal flats could keep up with RSLR up to a rate of 10.5 mm/year. However, the results of the present study predict a relatively constant flat volume under Scenario 2, where the maximum RSLR rate is about 4 mm/year (average RSLR of about 3 mm/year over 110 years), and the drowning of tidal flats under Scenario 3 (maximum RSLR of about 10 mm/year and average RSLR over 110 years of 7 mm/year). Thus the present study implies that the critical RSLR condition for the continued maintenance of the tidal flats is that associated with Scenario 2, which represents an average RSLR rate that is significantly lower than the 10.5 mm/year critical RSLR rate suggested by Van Goor et al. (2003) .
(c) Flat area and height in the basin
The flat area is defined as the surface area of the tidal flats between mean low water and mean high water (Fig. 15) . Average flat height is obtained by dividing the flat volume by the flat area. Figure 17 shows the evolution of the tidal flat area and flat height for the different RSLR scenarios.
The No RSLR scenario predicts an increase of about 60 Mm 2 and 0.15 m in the flat area and flat height, respectively, during the 110-year simulation ( Fig. 17a and b ). This is due to the weakly flood dominant condition and constant MSL in this simulation. In Scenario 2 (low RSLR), the flat area increases marginally. This is evidence that, under these conditions, Fig. 16 Evolution of a the Basin channel volume, and b the Tidal flat volume during the 110-year simulation period for the three RSLR scenarios given in Table 3 Fig. 17 Evolution of the: a Basin flat area, and b Tidal flat height during the 110-year simulation period for the three RSLR scenarios given in Table 3 the volume of sediment imported slightly exceeds the accommodation space gained due to RSLR. In Scenario 3 (with the highest RSLR), however, both the flat area and flat height decrease significantly. This is another indication that the volume of sediment imported into the basin is inadequate to fill the accommodation space gained due to the large rise in MSL, and hence the tidal flats drown under this scenario. The highly significant reduction of the tidal flat height to almost zero (0.1 m) indicates that under these conditions, the tidal basin may degenerate in to a tidal lagoon. A similar response is described in the final stage of the basin-inundation model of Oertel et al. (1992) . A good example of the occurrence of this phenomenon in nature is the Holocene evolution of the North Sea coastal plain described by Beets and Van der Speck (2000) . The coastal plain was developed by the amalgamation of a large number of relatively small and shallow estuaries as RSLR resulted in the inundation of the valleys of the existing drainage pattern. This process has lead to the development of tidal basin and lagoon systems depending on the sediment supply to balance the accommodation space created by the rate of RSLR.
The net change in volume (after 110 years of simulation) of the various morphological elemental characteristics discussed above are shown in Table 5 with respect to the initial bathymetry (i.e. after the Establishment simulation). Negative values indicate a decrease compared to the initial value. In summary, Table 5 
Conclusions
The potential physical impacts of relative sea level rise (RSLR) on large inlet/basin systems with extensive tidal flats have been qualitatively investigated using the state-of-the-art Table 5 Morphological elemental characteristics after 110 years as net change relative to the initial bathymetry (i.e. after the Establishment simulation) for the three RSLR scenarios given in Table 3 RSLR Scenario Net change after 110 years evolution Model results indicate that, for the 110-year (from present) study duration, the existing flood dominance of the system will increase with increasing rates of RSLR. As a result, the ebb-tidal delta erodes while the basin accretes. The erosion/accretion rates are positively correlated with the rate of RSLR. Under the No RSLR condition, the tidal flats continued to develop while under the high RSLR scenario the tidal flats eventually drowned, implying that under this condition the system may degenerate into a tidal lagoon. The tidal flats were more or less stable under the low RSLR scenario implying that this may be the critical RSLR condition for the maintenance of the system. This is in contrast with the previous finding (Van Goor et al. 2003 ) that the tidal flats can keep up with much higher RSLR rates (up to 10.5 mm/year). This difference can be seen as an indication of the uncertainties in both methods and should serve as a strong motivation to reduce these uncertainties via further research into the physical mechanisms governing tidal inlet response to RSLR.
As the Eustatic SLR is likely to be greater than the apparently critical rise of 0.2 m (by 2100 compared to 1990), these results indicate that the extensive tidal flats in these systems may slowly diminish, resulting in major environmental and socio-economic impacts. If the Eustatic SLR over the next century follows the higher end of IPCC projections, as has been the case over the last 15 years (Rahmstorf et al. 2007) , then the tidal flats may entirely disappear converting these systems into tidal lagoons which may have such massive socioeconomic impacts that the continued existence of some local communities may become untenable in the long-term. More research focusing on the quantification of the physical and socio-economic impacts of RSLR on these systems is therefore urgently needed. The lack of such quantitative information will severely hamper the development of effective and timely adaptation strategies that will enable at least the partial preservation of bio-diversity and the continued existence of local communities in these regions.
